An important role of IgG antibodies in the defense against microbial infections is to promote the ingestion and killing of microbes by phagocytes. Here, we developed in vivo and in vitro approaches to ask whether opsonization of particles with IgG enhances intracellular targeting of lysosomes to phagosomes. To eliminate the effect of IgG on the ingestion process, cells were exposed to latex beads at 15-20°C, which allows engulfment of both IgG-coated and uncoated beads but prevents the fusion of lysosomes with phagosomes. Upon shifting the temperature to 37°C, phagosomes containing IgG beads matured significantly faster into phagolysosomes as judged by colocalization with lysosomal markers. The IgG effect was independent of other particle-associated antigens or serum factors. Lysosome/phagosome attachment was also quantified biochemically with a cytosol-dependent scintillation proximity assay. Interactions were enhanced significantly in reactions containing cytosol from mouse macrophages that had been exposed to IgG-coated beads, indicating that IgG signaling modulates the cytosolic-targeting machinery. Similar results were obtained with cytosol from primary human monocytes, human U-937 histiocytic lymphoma cells and from Chinese hamster ovary (CHO) cells transfected with a human IgG (Fc␥) receptor. IgG-induced activation is shown to affect the actin-dependent tethering/docking stage of the targeting process and to proceed through a pathway involving protein kinase C. These results provide a rare example of an extracellular signal controlling membrane targeting on the level of tethering and docking. We propose that this pathway contributes to the role of antibodies in the protection against microbial infections. membrane fusion ͉ protein kinase C ͉ scintillation proximity assay ͉ Fc receptor ͉ macrophages
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membrane fusion ͉ protein kinase C ͉ scintillation proximity assay ͉ Fc receptor ͉ macrophages A ntibodies of the IgG class constitute a critical part of the humoral immune system (1) . Complete absence of immunoglobulins causes high susceptibility to infections by microorganisms that is managed effectively by treatment with IgG (2, 3). The protective effect of IgG results in part from its stimulatory effects on professional phagocytes such as monocytes, macrophages, and neutrophils. During phagocytosis, microbes or other particles are enveloped in a patch of membrane and stored in intracellular vacuoles termed phagosomes. Phagosomes subsequently mature into phagolysosomes through fusion with endosomes and lysosomes that deliver proteins involved in luminal acidification, killing, and degradation (4) .
Although phagocytes efficiently internalize even unmodified particles such as latex beads (5) , opsonization of substrates with IgG triggers signaling cascades, through clustering of cell surface Fc␥ receptors, that accelerate the engulfment process and activate the generation of microbicidal oxygen and nitrogen species (6) (7) (8) (9) .
Studies with intracellular pathogens have suggested that IgG signaling extends beyond the initial engulfment phase. Mycobacterium tuberculosis and Toxoplasma gondii, for example, enter cells by phagocytosis and then replicate intracellularly in part by preventing the fusion of microbe-bearing phagosomes with lysosomes (10, 11) . By contrast, in macrophages containing dead microbes or live microbes opsonized with IgG, lysosome/ phagosome fusion proceeds and the pathogens are destroyed more effectively (11) (12) (13) (14) . However, whether IgG signaling promotes lysosome/phagosome targeting only indirectly through enhanced uptake and killing, or also directly by modulating the maturation of formed phagosomes, has not yet been determined.
Here, we developed in vivo and in vitro approaches that allowed us to specifically focus on the lysosome/phagosome targeting process. Our results indicate that IgG signaling promotes lysosome/phagosome targeting on the level of tethering or docking.
Results
In Fig. 1 , we asked whether opsonization of particles with IgG alone can influence the intracellular fusion of lysosomes with phagosomes. RAW 264.7 mouse macrophages were infected for 2 days with a lentivirus expressing the late endosomal/lysosomal marker CD63 fused to cherry fluorescent protein. The cells were then switched to serum-free medium and exposed to 1-m latex beads that had been cross-linked to BSA or IgG. To eliminate the effects of IgG on the kinetics of the engulfment process, beads were added to macrophages for 60 min at 15°C, washed, and incubated at 15°C for an additional 60 min. At 15°C, beads are taken up as indicated by staining of phagosomes with the membrane dye filipin; however, the phagosomes fail to fuse with CD63-marked vesicles ( Fig. 1 A, 0-min chase). When cells were subsequently shifted to 37°C, fusion resumed, and CD63 staining around BSA beads became visible after Ϸ45 min ( Fig. 1 A and Table 1 ). By contrast, when IgG-covered beads were used, CD63 staining around the majority of phagosomes became evident as early as 15 min. Similar results were obtained when lysosomes were labeled with fluorescent dextran (Fig. 1B) . These results support the conclusion that opsonization of particles with IgG is sufficient to accelerate lysosome/phagosome targeting.
As an approach to exploring the biochemical basis for this activation, lysosome/phagosome interactions were studied with a cell-free scintillation proximity assay that has been described previously (15) . The key components of this assay are phagosomes containing scintillant beads and lysosomes labeled with tritiated cholesteryl ether. Because of the short range of tritiumderived ␤ particles and as a consequence of geometric constraints, scintillation requires immediate contact between lysosomes and phagosomes (15) (16) (17) . Using this assay, we previously showed that lysosomes and phagosomes will attach when reactions are supplemented with ATP and rat liver cytosol (15) . In these experiments, lysosomes were added as a component of postnuclear supernatants that contain both membranes and low-salt macrophage cytosol. In Fig. 2 , we sought to determine whether proteins from macrophage cytosol also are required for the in vitro reaction. When postnuclear supernatants were centrifuged and lysosomes supplied as part of the resultant pellet, scintillation remained low, unless reactions were resupplied with cytosol from unlabeled macrophages ( Fig. 2 A and B) . These data show that an activity from macrophage cytosol is required for lysosomes and phagosomes to attach in the cell-free assay.
Why cytosol from both rat liver and macrophages is required during the in vitro assay is currently unclear. The factor from macrophages might not be present in rat liver or it might be sensitive to increased salt concentrations. In support of the latter hypothesis, preparation of macrophage cytosol with the isotonic buffer used for liver homogenization had less activity (V.T. and A.N., unpublished data).
Using the cell-free assay, we next asked whether the IgGinduced acceleration of lysosome/phagosome targeting that was observed in intact cells might involve the activation of cytosolic factors. Scintillation proximity reactions were set up with cytosol extracted from J774 macrophages that had been cultured for 1 h in the absence or presence of IgG beads. Analogous to the results obtained by microscopy, cytosol from both cell populations promoted lysosome/phagosome interactions, but cytosol from cells exposed to IgG beads was significantly more potent (Fig.  3A) . Optimal activation required the presence of IgG on the particles as amine-coated beads or beads that had been coupled to BSA were less effective ( Fig. 3 B and C) . Activation of macrophage cytosol by IgG beads became detectable as early as 20 min after addition of beads (Fig. 3D ). Direct exposure of unconditioned macrophage cytosol to IgG beads before in vitro reactions had no stimulating effect (data not shown).
As expected from the microscopy data, activation of cytosol by IgG beads also was seen in RAW 264.7 macrophages as well as in primary human monocytes, human U-937 histiocytic lymphoma cells, and primary mouse peritoneal macrophages (Table  2) . Together, the above data show that exposure of macrophages Plates were centrifuged at 1,000 ϫ g for 2 min and incubated at 15°C for 1 h, washed three times with PBS to remove unattached beads, and incubated again for 1 h at 15°C. The plates were then moved to 37°C for the indicated time. Cells were fixed, stained with filipin (15), and analyzed by microscopy. (B) RAW cells were set up as above and on day 1 received medium C plus 0.1 mg/ml fixable tetramethylrhodamine-conjugated dextran (10 kDa; Invitrogen). After incubation at 37°C overnight, the cells were switched to medium A and exposed to 1-m amine beads or to amine beads conjugated to mouse IgG. The protocol for bead uptake and chase was as in A. Arrowheads point at selected phagosomes. RAW 264.7 macrophages were infected with lentivirus expressing ChFP-CD63 and exposed to 1-m latex beads coated with BSA or IgG as described in the Fig. 1 A legend. Phagosomes were identified based on positive filipin staining. Phagolysosomes were defined as filipin-positive phagosomes surrounded by rings of CD63 staining. Data are from two independent experiments. to IgG-opsonized particles leads to the activation of one or more cytosolic factors involved in lysosome/phagosome targeting.
Next, we sought to further characterize this signaling pathway. IgG is recognized by a family of plasma membrane proteins called Fc␥ receptors (18) . Particle-induced clustering of Fc␥ receptors can trigger signaling cascades whose downstream targets include serine/threonine kinases of the protein kinase C (PKC) family (19, 20) . Conventional PKCs have been found on pinched-off phagosomes (21) (22) (23) (24) , and their concentration has been reported to be Ϸ35 times higher around IgG-opsonized versus BSA-coated phagosomes (22) . In addition, a PKC agonist, phorbol 12-myristate 13-acetate (PMA), has been reported to promote phagosome maturation (25) .
To test whether Fc␥ receptors and PKC can cooperate in relaying an IgG signal to the lysosome/phagosome targeting machinery, cDNAs expressing human Fc␥ receptor IIa (Fc␥RIIa) and prototypical PKC-␣ were transfected into CHO cells. Transfection of Fc␥RIIa renders CHO cells phagocytic and capable of phagolysosome formation (26) . Cells were transfected for 20 h and incubated in the absence or presence of IgG beads. Cytosol extracts were then tested in the cell-free scintillation proximity assay. In mock-transfected CHO cells, there was no change after exposure to IgG beads (Fig. 4A, set 1) . In cells transfected with Fc␥RIIa, however, activity increased by 37% (Fig. 4A, set 2) . Only a small effect was seen after transfection of PKC-␣ alone (Fig. 4A, set 3) , but a 68% increase in response to IgG resulted when cells were transfected with both PKC-␣ and Fc␥RIIa (Fig. 4A, set 4) . The effect was blocked when transfected cells were treated with both IgG beads and the PKC-␣/␤ inhibitor Gö6976 (data not shown).
To verify these results morphologically, CHO cells were transfected with plasmids expressing Fc␥RIIa, PKC-␣, and the late endosomal/lysosomal membrane protein Lamp1 fused to red fluorescent protein (RFP). The cells then were exposed to BSA-coated or IgG-coated latex beads at 15°C, chased at 37°C, and analyzed by microscopy. After 15 min of chase, Lamp1-RFP staining was strong in IgG bead containing phagosomes but only barely discernable in phagosomes containing BSA beads (Fig.  4B) . Analogous to the results in Fig. 1 , Lamp1-RFP staining after 45 min was similar for both types of beads, confirming the notion that IgG is not essential for but accelerates phagosome maturation (data not shown).
Next, scintillation proximity assays were performed with low-salt cytosol from J774 cells exposed to IgG beads and the pan-specific PKC inhibitor bisindolylmaleimide or to Gö6976, an inhibitor specific for PKC-␣ and PKC-␤ (27) . Both drugs abolished the stimulatory effect of IgG beads while leaving the basal activity unaltered (Fig. 4C) .
A role for PKCs in regulating lysosomes is supported further by the observation that PMA was able to stimulate lysosome/ phagosome attachment when added to cells before cytosol extraction (Fig. 4D ) or directly to reactions in vitro (Fig. 4E) ; in both cases, the effect of PMA was blocked by bisindolylmaleimide and Gö6976.
The effects of PKC inhibition on lysosome/phagosome targeting were also studied by fluorescence microscopy. First, RAW cells were loaded with fluorescent dextran overnight to label lysosomes. The cells then were loaded with IgG beads at 15°C and chased at 37°C in the absence or presence of Gö6976. After 15 min of chase, lysosomes had fused with phagosomes in control cells but not in cells treated with the drug (Fig. 3F) . Similar results were obtained when cells were fed BSA beads and Lysosome͞phagosome targeting was measured by proximity scintillation assay as in Fig. 2 treated with PMA (data not shown). Together, the results in Fig.  4 support the conclusion that PKC activity is required for enhanced lysosome/phagosome attachment in response to IgG.
We then asked which stage of the lysosome/phagosome targeting process is stimulated by IgG. Our previous work has shown that lysosome/phagosome fusion is preceded by distinct tethering and docking steps (15) . Tethering is a prerequisite for docking and involves the attachment of membranes via filamentous actin (15, 28, 29) . To test whether increased lysosome/ phagosome targeting in response to IgG requires actin polymerization, cell-free assays were performed with cytosol from J774 cells grown for 1 h in the absence and presence of IgG beads or PMA. Two inhibitors of actin polymerization, latrunculin A and cytochalasin D, were added in vitro. Both drugs prevented lysosome/phagosome attachment in controls as well as in IgG and PMA-conditioned samples (Fig. 5 A and B) . These data indicate that IgG and PMA modulate the actin-dependent attachment process.
Tethering is a transient process that gives rise to a more long-lived docking stage at which complexes become resistant to actin inhibitors but remain sensitive to disruption by alkaline carbonate (15) . If IgG promoted tethering and/or docking, lysosome/phagosome interactions would be expected to increase but drop in response to alkali. This result was in fact observed (Fig. 5A, gray bars) , and similar results were obtained in reactions that had been stimulated with PMA (Fig. 5B) . From the results in Fig. 5 , we conclude that IgG/PKC signaling promotes lysosome/phagosome targeting at the tethering or docking stage.
Discussion
The current results add the stimulation of lysosome/ phagosome targeting to the list of effector functions of IgG. Established roles for IgG include the masking of antigenic epitopes, activation of complement, inhibition of B cell activation, and the opsonization of substrates for induction of antibody-dependent cell-mediated cytotoxicity, engulfment by phagocytes, and respiratory burst (30) .
Previous work had demonstrated that opsonization of particles with IgG led to an earlier appearance of phagolysosomes, but to what degree this effect results from enhanced killing and engulfment versus activation of the lysosomal targeting machinery had not yet been resolved (11) (12) (13) (14) . To address this problem, we developed a set of approaches that allowed us to uncouple phagosome formation from the subsequent maturation process. In one set of experiments, we applied a load-and-chase protocol wherein cells were allowed to take up latex beads at 15-20°C and then shifted to 37°C for different periods. The method is based on the observation that at the lower temperatures, both opsonized and unopsonized particles are engulfed but fail to acquire lysosomal markers. Upon a subsequent shift to 37°C, normal trafficking resumes. Fusion of lysosomes with phagosomes containing IgG beads was virtually complete after 15 min but required at least 45 min for unopsonized beads. Similar results were obtained with mouse macrophages and CHO cells transfected with a human Fc␥ receptor, strongly arguing that particleassociated IgG, presumably in a complex with cognate receptors, transmits a lysosome-attracting signal across the phagosomal membrane.
To further test this conclusion under more biochemically defined conditions, we used a cell-free scintillation proximity assay in which lysosome/phagosome attachment depends on the supplementation of reactions with macrophage cytosol. In these experiments, interactions were significantly enhanced when cytosol was supplied from macrophages that had been exposed to IgG-coated beads, directly confirming the idea the IgG signaling leads to activation of one or more cytosolic factors.
We reasoned that PKCs were key candidates for components of this signaling pathway. PKCs are induced in response to IgG (19, 20) and are highly enriched on phagosomal membranes surrounding IgG-opsonized versus uncoated particles (22) . Several lines of evidence obtained in this study show that PKCs are in fact involved in IgG-induced stimulation of phagolysosome formation: (i) macrophage cytosol could be conditioned with the PKC agonist PMA; (ii) conditioning of macrophage cytosol by IgG beads or PMA was blocked by PKC inhibitors; (iii) transfection of PKC-␣ synergized with Fc␥RIIa in rendering CHO cells sensitive to IgG beads as measured in vitro and in vivo; and (iv) at early time points, a PKC-␣/␤ inhibitor blocked the fusion of IgG bead-containing phagosomes with lysosomes.
Known substrates of PKCs include proteins controlling the formation of structures containing filamentous actin that are in turn essential for plasma extrusion during particle engulfment as well as for subsequent fusion of lysosomes with phagosomes (15, 19, 28) . Previous work has indicated that during lysosome/phagosome targeting, actin polymerization plays a critical role specifically during the initial tethering stage (15, 29) . Our current results support the conclusion that regulation of phagosome maturation is exerted at the early targeting stages, because IgG beads and PMA could enhance lysosome/phagosome attachment in the absence of fusion and in a manner sensitive to actin polymerization inhibitors. Further studies on the macrophage cytosol activity should be useful to extend the understanding of lysosome/phagosome targeting.
Materials and Methods
Reagents. We obtained BSA from Sigma (St. Louis, MO); bisindolylmaleimide, Gö6976, and PMA from Calbiochem (San Diego, CA); and amine-conjugated latex beads from Polysciences Inc. (Warrington, PA). Latex beads were coupled to BSA or IgG by using glutaraldehyde as described in ref. 31 . Other materials were from sources as described in ref. 15 . Liposomes were prepared as described in ref. 15 follows. J774 cells were set up in a 10-cm dish at 50% confluency in 4 ml of medium C supplemented with 100 l of 3 H-cholesteryl oleoyl ether-containing liposomes. After 16 h, cells were washed three times with PBS and once with buffer A and scraped into 1 ml of buffer A. Cell suspensions were passed eight times through a 22-gauge needle (bent two times) and centrifuged for 5 min at 1,000 ϫ g. Postnuclear supernatants were spun at 16,000 ϫ g for 30 min, and the pellet was resuspended in 1 ml of buffer C. Previously published fractionation experiments have shown that 3 H-cholesteryl oleoyl ether and docking activity are confined to the lysosomal fraction (15) .
Preparation of Low-Salt Cytosol. Cells were set up in six-well plates at 70% confluency. The next day, before bead additions, cells were grown for 1 h in medium B. Cells were processed as above without prior labeling. After the final centrifugation step, the supernatant was collected and designated as low-salt cytosol. Further centrifugation at 100,000 ϫ g for 30 min gave results identical to those obtained with 16,000 ϫ g supernatants (V.T. and A.N., unpublished data).
In Vitro Assay. Reactions were set up, and scintillation was measured as described previously (15) . Briefly, reactions (0.4 ml total volume) contained 0.75 mg of phagosomes, J774 membranes containing [ 3 H]cholesteryl oleoyl ether-labeled lysosomes (containing Ϸ80 g of protein and Ϸ40 nCi of tritium), an ATP-regenerating system, 2.4 mg of rat liver cytosol, and, unless otherwise indicated, 40 g of low-salt macrophage cytosol.
Fluorescence Microscopy and Image Processing. Cells were fixed with 4% (wt/vol) paraformaldehyde, stained with 50 g/ml filipin, and mounted in Fluoromount-G (Southern Biotech, Birmingham, AL). Microscopy was performed on a Nikon Eclipse TE300 inverted microscope equipped with a Nikon 100ϫ objective and a Spot RT Monochrome camera. Digital images were collected by using Spot 4.0 software and saved in TIFF format. Files were opened in Adobe Photoshop CS and cropped to display a single cell. Gray levels were adjusted by using the Auto Levels command with black and white clip both set to 0%. Images then were cropped again and scaled for final display.
Statistics. All error bars indicate standard deviations and were calculated from triplicate measurements. Where not visible, error bars are smaller than symbols.
